The vibrational eigenstates of methane-thiol (CH 3 SH) and methane-thiolate (CH 3 S) in the gas phase and in dense monolayers adsorbed on the (111) surfaces of the Ni-group metals have been investigated within the framework of density-functional theory using generalized response and force-constant techniques. For isolated CH 3 SH good agreement of eigenfrequencies and intensities with the measured infrared spectra is achieved. For the CH 3 S radical, experimental information from laser-induced fluorescence spectroscopy is available only for selected eigenmodes. The theoretical predictions show reasonable agreement for the C-H deformation and C-S stretching modes, but predict much higher C-H stretching frequencies in better agreement with estimates based on the vibrational fine structure of the photoemission spectra. For methane-thiol monolayers on Ni(111) and Pt(111) the calculations predict stronger red-shifts of the S-H and C-S stretching modes than reported from high-resolution electron energy loss spectroscopy (HREELS) on condensed multilayers which average over the first layer adsorbed on the metal and further physisorbed molecular layers. For methane-thiolate monolayers the calculations predict modest blue-shifts of the C-H stretching and rocking modes and for the asymmetric C-H deformation modes. Red-shifts are predicted for the symmetric C-H deformation and for the C-S stretching modes. Reasonable agreement with HREELS is achieved. The increased differences between symmetric and asymmetric C-H stretching and deformation modes induced by the adsorption is a consequence of the strongly tilted adsorption geometries.
Introduction
In a preceding paper [1] (hereafter referred to as I) we used ab initio density-functional calculations to investigate the molecular and dissociative adsorption of methane-thiol at high coverages on the (111) surfaces of the Ni-group metals. Whereas the methane-thiol molecule is only weakly bound by polarization-induced forces, methane-thiolate is strongly chemisorbed. The dehydrogenation of the adsorbed thiol to co-adsorbed thiolate and atomic hydrogen is an exothermic process on all three metals, non-activated on Ni(111) but an activated process with a modest reaction barrier on Pd(111) and Pt(111) surfaces. On all three substrates the C-S axis of both adsorbed methane-thiol and methane-thiolate is predicted to be strongly tilted relative to the surface normal. For CH 3 S/Ni(111) this prediction is in good agreement with experiment [2] , but experimental evidence is less complete for the other substrates. On the other hand, previous theoretical studies [3, 4] had predicted an upright adsorption geometry, at least in this high-coverage limit.
Vibrational spectroscopy based on infrared (IRS), Raman or high-resolution electron energy loss (HREELS) spectroscopy remains one of the most important tools to probe the properties of molecules in the gas phase and adsorbed on solid surfaces [5] . Vibrational spectroscopy has also widely been used for the characterization of thiolate-based monolayers on metallic substrates [6, 7] . The surface selection rules applying to IRS and HREELS have been found to be very useful for the estimation of the orientation of the adsorbed molecules. In IRS only vibrational modes having vibrating dipole components normal to the metal surface are active. For HREELS there are three possible mechanisms: dipole scattering, impact scattering and resonance scattering. Dipole scattering arises from the long-range Coulomb interaction of the incident electrons with the fluctuating dipole moments of the adsorbed species. This implies a similar (though less strict) surface selection rule than in IRS: only modes with a dynamic dipole moment perpendicular to the surface are active. In the impact scattering mechanism, incoming electrons are inelastically scattered by the local atomic potential. Selection rules exist, but almost all vibrations can be excited by this mechanism. However, impact scattering is extremely sensitive to the electronic mean free path. Resonance scattering occurs if an electron is trapped in an unoccupied state of an atom or molecule; the de-excitation of the charged excited state can create a vibrationally excited final state.
For a linear alkane-thiol the following assignments of bands in the vibrational spectra of adsorbed monolayers have been proposed [6, 7] (we list here only the modes observable in adsorbed methane-thiol layers): 2900-3000 cm −1 , symmetric and asymmetric CH 3 stretching; 1280-1400 cm −1 , CH 3 bending modes; 860-900 cm −1 , CH 3 rocking modes; 650-700 cm −1 , C-S stretching modes; 200-360 cm −1 , metal-S stretching modes. However, the interpretation of HREELS data remains a difficult task because of the large number of vibrational features, the superposition of loss mechanisms and eventually also insufficient instrumental resolution. Theoretical calculations of vibrational eigenmodes can be very helpful in assigning the peaks in the measured spectra to particular eigenmodes.
In this paper we present the results of detailed calculations of the vibrational spectra of methane-thiol and methanethiolate, in the gas phase and adsorbed at high coverage on the (111) surfaces of Ni, Pd, and Pt. Experimental results from HREELS measurements are available for Ni [8, 9] and Pt [10, 11] substrates, but we do not know of any previous theoretical investigations. For isolated molecular species the calculation of vibrational frequencies and intensities, based on force constants determined analytically from second derivatives of the total energies [12] , is now a standard task implemented in many program packages for density-functional calculations such as GAUSSIAN [13] or VASP [14, 15] . For molecules adsorbed on solid surfaces the situation is a bit more complex. Either the surface can be modeled by a small cluster and the same techniques applied to the complex formed by a molecule plus ligands, or the eigenmodes of a periodic model of the adsorbate/substrate complex can be calculated using techniques developed for crystals. The techniques for the calculation of the vibrational spectrum fall broadly into two classes. The first is essentially analogous to the methods applied to molecules. The elements of the forceconstant matrix are determined as first derivatives of the forces induced by small ionic displacements, calculated according to the Hellmann-Feynman theorem; the second is based on density-functional perturbation theory for the frequencydependent dielectric tensor [18] [19] [20] . This approach also offers the advantage that it allows the calculation of the tensor of the Born effective charges and also of the intensities of the infrared-active modes. When the force-constant approach is used, the mode intensities can be calculated only in a dynamic dipole approximation. Therefore our work also includes a comparative study of both approaches.
Our paper is organized as follows: in section 2 we review very briefly the computational methodology, section 3 presents the results for the gas-phase species, while sections 4 and 5 deal with the absorbed layers. We conclude in section 6.
Computational methods
Our calculations are based on density-functional theory, as implemented in the Vienna ab initio simulation package VASP [14, 15] performing a variational solution of the KohnSham equations in a plane-wave basis. For the gas-phase species we have used for comparison also the GAUSSIAN suite of programs [13] using the standard local basis set 6-31G(d). All necessary details have been given in I, and here we review only very briefly the methods used for the calculation of the vibrational spectra. The calculations use the gradientcorrected PW91 exchange-correlation functional [16] , but for the gas-phase species calculations using the B3LYP functional [17] have been performed for comparison.
In the force-constant approach implemented in both packages the harmonic vibrational frequencies were calculated for the molecule (and, in the case of adsorbed species, also for the top layer metal atoms) by diagonalizing the mass-weighted second-derivative (dynamical) matrix. The restriction to the atoms in the top layer is legitimate because the vibrational eigenfrequencies of the molecules do not overlap with the eigenfrequencies of the substrate. The general scheme followed to construct the dynamical matrix is to displace each atom from its equilibrium position and to calculate the forces acting on all atoms in each direction [12] . Because of the high accuracy required, the forces are symmetrized. The second derivatives of the total energy are estimated from the forces according to a finite difference approach. The intensities of the loss peaks associated with each normal mode are estimated from the derivative of the dipole moment with respect to the atomic positions (the dynamical dipole moment).
Density-functional perturbation theory (DFPT) or linearresponse (LR) theory for vibrational spectra starts from the following expression [18, 21] :
relating the second derivatives of the total energy E( R) to the ground state electron density n R ( r ) and the linear response of the charge density to a displacement of the ions,
is the electron-ion interaction and E ion ( R) the direct ion-ion interaction. Within DFPT the charge density and wavefunction linear response to a perturbation of a wavevector q is given by a closed set of equations which can be solved in terms of lattice-periodic functions and is decoupled from similar equations for other Fourier components of the same perturbation. Also only sums over occupied orbitals are involved [18] . LR has recently been generalized to the projector-augmented wave approach used in VASP and implemented in the program package [20] . LR also offers the advantage that the tensor of the Born effective charges (the first derivative of the polarization P β with respect to the ionic coordinates), Z αβ = ∂ P β /∂ R α , can be expressed as a second-derivative response function tensor and evaluated using a similar approach. Within the dipole approximation the infrared intensity of an eigenmode can be expressed in terms of the Born effective charges and the eigenvectors e β (l) as
where the sum is over all atoms in the system.
Gas-phase methane-thiol and methane-thiolate
The vibrational eigenstates of the gas-phase species have been calculated for single molecules placed into the center of a large orthorhombic box measuring about 15Å in diameter. The relaxed molecular geometries of the methane-thiol molecule and of the methane-thiolate radical were presented in table 2 of I. For the molecule, interatomic distances agree with experiment within 0.01Å (the largest error is found for the S-H and C-H bond lengths) and bond angles within 0.5
• . For the CH 3 S radical the error for the C-S distance is slightly larger. VASP results are found to be more accurate than those achieved with GAUSSIAN and a standard basis set. The assignment of eigenmodes has been made on the basis of the calculated eigenvectors and is in complete agreement with the assignment based on the comparison of the spectra of CH 3 SH and CH 3 SD.
Methane-thiol
Eigenfrequencies and their intensities for CH 3 SH are summarized in table 1. The methane-thiol molecule has 12 vibrational eigenmodes, and all calculated eigenmodes are real. The results may be summarized as follows: (i) Force-constant and linear-response calculations performed using VASP are in excellent agreement-the largest discrepancy is 5 cm
for the C-H deformation and rocking modes. (ii) Slightly larger differences are found between the force-constant calculations using VASP and GAUSSIAN-the difference is largest (39 cm −1 ) for the symmetric C-H deformation mode. (iii) Compared to the experimental IRS data [22] the C-H and S-H stretching frequencies calculated using VASP are too high by 24-66 cm −1 , C-H and S-H deformation and rocking modes are too low by up 23 cm −1 , and the C-S stretching mode is too low by the same amount (calculations using the FC method and VASP). The differences in the C-H and S-H stretching frequencies can largely be attributed to the neglect of anharmonic corrections which are largest for Table 1 . Frequencies (in cm −1 ) and normalized intensities (in parentheses) of the vibrational eigenmodes of methane-thiol (CH 3 SH) in the gas phase, as calculated using VASP (V) and GAUSSIAN (G03) using a force-constant (FC) or a linear-response (LR) approach. Experimental values are from [22] . the high-frequency C-H stretching modes. The low-frequency torsional mode around 230 cm −1 could not be resolved by IRS. Estimates based on the barrier height for hindered rotation from microwave data yield an estimate of 200 cm −1 ([22] ). (iv) The eigenfrequencies from the GAUSSIAN calculations (using the same exchange-correlation functional as in the plane-wave calculations) are too high by up to 95 cm −1 . These differences are too large to be attributed to anharmonicity alone. To examine the influence of the choice of the functional, we have also performed a calculation using GAUSSIAN and a hybrid functional (B3LYP [17] ). This leads to a further enhancement of the eigenfrequencies varying between about 60 cm −1 for the C-H stretching modes and 30 cm −1 for the C-H rocking modes. The normal-mode intensities are hardly influenced by the choice of the functional. The results calculated with GAUSSIAN could possibly be improved by using a larger basis set, but this was not attempted here.
Substantial differences are found between the normalmode intensities predicted by VASP (linear-response theory) and GAUSSIAN (dynamical dipole approximation). In the former case the highest intensity (normalized to 1) is predicted for the C-S stretching mode and in the latter case for the symmetric C-H stretching mode. Major differences are also found in the intensities predicted for the S-H stretching and C-H rocking modes.
Given the eigenvalues and intensities and using an assumed resolution of 35 cm −1 , we can calculate a spectral distribution for comparison with experiment by folding the intensity-weighted eigenfrequencies with a Gaussian resolution function. The confrontation between theory and experiment in figure 1 demonstrates very good agreement with experiment-except for the intensity of the eigenmode assigned to C-S stretching. A similar comparison with the intensities calculated using GAUSSIAN (not shown) leads to gross disagreement in the intensity of the S-H stretching and the C-H rocking modes, but better agreement for the C-S Figure 1 . Infrared spectrum of CH 3 SH in the gas phase, calculated by broadening the intensity-weighted harmonic eigenfrequencies with a Gaussian resolution function with a width of 35 cm −1 . The bottom of the graph shows for comparison the spectrum measured by May and Pace [22] . stretching mode (disregarding for the moment the general upshift of all high-frequency modes).
Methane-thiolate radical
A free methane-thiolate (CH 3 S) radical exists only as a reaction intermediate; the vibrational eigenstates cannot be measured using conventional spectroscopies.
A further difficulty arises from the fact that in the ground state with C 3v symmetry the highest occupied molecular orbital is only partially occupied and hence subject to a Jahn-Teller distortion. The ground state configuration has C s symmetry and the Jahn-Teller distortion lowers the total energy by 55 meV/molecule. The ground state is twofold degenerate with one of the C-H bonds in the methyl group slightly longer and the other two shorter than average (for details see I). The two possible configurations are separated by a saddle-point which also has C s symmetry but two long and one short C-H bond and is only about 0.5 meV higher in energy. Similar geometries have also been derived from MP2 calculations which found a higher barrier of 6 meV separating the degenerate ground state configurations [23, 24] . In addition, methyl-thiolate has a first excited electronic state which is known to be pre-dissociative, with a C-S bond-length stretched to about 2.05Å.
Vibrational eigenfrequencies for both the ground state and the first excited state have been derived from vibronic analysis of the laser-induced fluorescence data [25] [26] [27] and four-wave mixing spectroscopy [28, 29] . For the ground state of CH 3 S Chiang and Lee [26] reported possible vibrational frequencies at 2776, 2706, 1496, 1313, 727, and 586 cm −1 , which were tentatively assigned to the asymmetric and symmetric C-H stretching, the asymmetric C-H deformation, the C-S stretching, and the C-H rocking modes. Interestingly, significantly higher asymmetric and symmetric stretching modes of 3006 and 2966 cm −1 were proposed for the first excited electronic state of the radical. From the analysis of the vibrational fine structure of the ultraviolet photoelectron spectra, Schwartz et al [30] estimated a symmetric C-H stretching frequency of 2960 ± 30 cm −1 and a C-S stretching frequency of 725 ± 15 cm −1 , in agreement with earlier experiments by Janousek and Brauman [31] who also reported a C-H deformation mode at 1360 cm −1 . A detailed analysis of the vibronic dynamics of CH 3 S in the ground and first excited states based on a model Hamiltonian was presented by Marenich and Boggs [32] , who criticized the vibrational assignments made by Chiang and Lee [26] . The assignment of the C-H deformation modes was confirmed, while that of the modes at the upper and lower ends of the spectral distribution was criticized. Our theoretical results derived using the same methods as used for methane-thiol are summarized in table 2 which also includes the available experimental data. Drissi et al [24] have calculated the vibrational eigenfrequencies within their quantum-chemical methods (MP2 with the 6-31 + G basis set) and their results are also included for comparison.
The results obtained with the force-constant and linearresponse approaches in VASP agree within a maximum deviation of 5 cm −1 . Calculations with GAUSSIAN lead to higher C-H stretching and deformation modes, and also to a much more pronounced splitting of the symmetric C-H deformation and C-H rocking modes. The most significant discrepancy, however, is the very low C-S stretching frequency resulting from the GAUSSIAN simulations. For all modes involving hydrogen atoms, the MP2 calculations of Drissi et al [24] yield eigenfrequencies which are about 50-150 cm −1 higher than the DFT results with VASP, but good agreement is found for the C-S stretching mode.
Comparison with experiments is difficult for the reasons discussed above. Our calculations predict much higher C-H stretching frequencies than those derived from laser-induced fluorescence [25] [26] [27] , but are in good agreement with the estimate derived from the vibrational fine structure of the photoemission data [30] . Reasonable agreement exists for the symmetric C-H deformation mode, and even very good agreement for the C-S stretching mode.
Compared to the methane-thiol molecule, the C-H stretching and deformation modes are red-shifted by −28 to −67 cm −1 , the C-H rocking modes by −105 and −216 cm −1 , while the C-S stretching mode undergoes a modest blue-shift by +17 cm −1 . The blue-shift of the C-S mode reflects the contracted C-S bond-length, and the softer C-H modes the fact that the bonding capacity of the C atom is now concentrated on the C-S bond.
Vibrational eigenmodes of CH 3 SH on the (111) surfaces of Ni, Pd, and Pt
The vibrational eigenmodes of dense (
• layers of methane-thiol on the (111) surfaces of Ni, Pd, and Pt have been calculated using both the force-constant and linear-response methods. For the calculation of the vibrational eigenmodes, the metal atoms in the surface layer have been allowed to move, whereas the positions of the atoms in the deeper layers have been frozen. The equilibrium adsorption geometries reported in I have been used: on Ni and Pd surfaces the S atom of the thiol binds to a bridge site, while on Pt the S atom is located on top of a surface atom. On all three surfaces the C-S axis is strongly tilted towards the surface normal, the tilt angle increasing from 35
• on Ni(111) to 43
• on Pd(111) and to 60
• on Pt(111) surfaces. Adsorbate-substrate bonding is only weak, the adsorption energy increases from −0.37 eV/molecule on Ni to −0.75 eV/molecule on Pt. Table 3 lists the results of the force-constant and linearresponse calculations, together with the available experimental results for adsorption on Ni and Pt.
We have listed only the 15 modes with the highest eigenvalues; all lower eigenfrequencies correspond to deformations of the top layer of the substrate. The assignment of the modes is based on the calculated eigenvectors. For CH 3 SH/Ni(111) we note very good agreement between the force-constant and linearresponse calculations-the largest discrepancies of 23 cm
are found for a C-H rocking and the C-S stretching mode. The most pronounced changes with respect to the eigenmodes of gas-phase methane-thiol are: (i) A strong red-shift of the C-S and S-H stretching modes by −145(−167) and −213(−221) cm −1 , respectively, as predicted by the FC and LR calculations. (ii) A strong blue-shift of the modes involving a torsion of the methyl and S-H groups around the C-S axis in different directions. The C-H stretching modes undergo only small changes, while C-H deformation and rocking modes are red-shifted by about 60 cm −1 on average. An important observation is also the increased splitting of the asymmetric C-H stretching and deformation modes reflecting the broken symmetry of the adsorption complex in a bridge site with a tilted C-S axis (see I for details). The blue-shift of the torsion mode reflects the restricted mobility of the molecule due to the binding to the substrate.
HREELS data for CH 3 SH/Ni(111) have been reported by Rufael et al [8] . Interpretation of the experimental data is difficult because deposition at 100 K leads to the formation of a multilayer of CH 3 SH on the Ni surface, and heating to an even modest temperature of 125 K leads to the disappearance of the characteristic S-H stretching peak at 2560 cm −1 and hence to the formation of a thiolate rather than a thiol overlayer. This observation corresponds to our finding (cf. I) that on a Ni(111) surface dissociation of methane-thiol is non-activated. The results included in table 3 are taken from table 1 of Rufael et al [8] and refer to a condensed multilayer. This explains why the observed shift of the eigenmodes with respect to gas-phase thiol is much more modest than predicted by our calculations. Still, the relatively largest change is the red-shift of the S-H stretching mode while the fact that the C-S stretching mode is unchanged relative to the gas phase suggests that the measured intensities are dominated by contributions from molecules in the physisorbed multilayer.
Similar changes in the vibrational eigenmodes have also been calculated for CH 3 SH/Pt(111). However, the red-shift of the S-H and C-S stretching modes is less pronounced than on Ni(111). This agrees with a different adsorption configuration close to an on-top position, a weaker elongation of the C-S bond-length and a stronger tilt of the C-S axis. For CH 3 SH/Pt(111) HREELS data have been reported by Koestner et al [10] for saturated layers annealed at different temperatures. The data listed in table 3 refer to an annealing temperature of 100 K (the highest temperature at which a S-H stretching peak can be observed) and probably refer to an unspecified multilayer coverage. This would explain the modest change with respect to the gas-phase molecule.
For CH 3 SH/Pd(111) we have found a special adsorption configuration, with the thiol-hydrogen forming a weak bond to a surface metal atom. In the vibrational spectrum this is reflected in a very strong red-shift of the S-H stretching mode by more than −700 cm We have also calculated the normal-mode intensities for adsorbed methane-thiol, using the Born effective charges from the linear-response approach. The highest intensities are always predicted for the low-energy modes involving displacements of the heavy substrate atoms. Among the eigenmodes of the adsorbate, the highest intensities are predicted for the C-S stretching mode, the torsional mode, the S-H stretching, and the C-H rocking modes. However, as no data for comparison are available, these results are not reported in detail.
Vibrational eigenmodes of CH 3 S on the (111) surfaces of Ni, Pd, and Pt
A thiolate radical is strongly chemisorbed on all three surfaces, albeit with some important differences in the adsorption geometry. On a Ni(111) surface the S atom is located in a fcc hollow and the C-S axis is tilted by 35
• with respect to the surface normal. On Pd(111) the S atom is shifted from the hollow towards the bridge, on Pt(111) adsorption occurs almost exactly at a bridge site. The C-S tilt angle increases to 49
• on Pt(111). The calculated eigenfrequencies for 12 modes of a thiolate monolayer with the highest frequencies are compiled in table 4 . Figure 2 shows the vibrational eigenmodes of CH 3 S/ Ni(111) (eigenfrequencies in cm −1 and eigenvectors of all modes). The three highest frequencies belong to asymmetric and symmetric C-H stretching modes, followed by the three C-H deformation modes and two C-H rocking modes, and by the C-S stretching mode at 598 cm −1 . The eigenmodes in the range between about 150 and 300 cm −1 consist of frustrated translation modes and deformation modes of the substrate layer compatible with the √ 3 × √ 3 periodicity of the surface cell. The mode at 175 cm −1 describes a pure torsion mode of the methyl group around the C-S axis of the thiolate. Quite generally it is evident that the modes describing a deformation of the substrate and frustrated translations of the substrate couple only weakly.
For a thiolate monolayer on Ni(111) all eigenmodes except the symmetric C-H deformation and the C-S stretching modes are blue-shifted compared to a gas-phase methanethiolate radical, the symmetric C-H deformation mode is red-shifted by −44 cm −1 and the C-S stretching mode by −135 cm −1 . Compared to absorbed methane-thiol, shifts in the eigenfrequencies of the C-H modes are modest, only one of the C-H rocking modes is red-shifted by −109 (−107) cm −1 , while C-S stretching and the metal-S stretching modes are blue-shifted by +45 (+79) cm and +31 (+22) cm −1 in calculations using the FC(LR) method. The differences between the two C-H stretching, the symmetric C-H deformation, and the C-H rocking modes are smaller than for adsorbed thiol, expressing the fact that the symmetry of the adsorbed thiolate is closer to C s than that of the adsorbed thiol. The difference between the symmetric and asymmetric deformation modes remains important, as expected for the tilted adsorption configurations. The blueshift of the C-S and metal-S mode reflects the fact that both the C-S and the S-substrate bonds are stronger than in the adsorbed methane-thiol layer. Agreement with the HREELS experiment [8, 9] is reasonably good, although there are differences of up to 25 cm −1 in the frequencies listed in the two papers. The C-H stretching frequencies are lower than predicted by our calculations, while harder metal-S and C-S stretching frequencies suggest a stronger bonding between the S atom and both the methyl group and the substrate.
For CH 3 S/Pt(111) the changes in the eigenfrequencies with respect to the gas-phase radical and to adsorbed methanethiol are similar, although slightly smaller in both directions. Agreement with the HREELS experiments [10, 11] is good; the largest discrepancy of about 85 cm −1 exists for the asymmetric C-H stretching modes, which are most subject to anharmonic corrections. We also find good agreement between theory and experiment for the C-S and metal-S stretching modes. For methane-thiolate adsorbed on Pd(111) no experimental spectra are available, but most eigenmodes follow a smooth trend on the three different substrates.
We have also calculated the normal-mode intensities. Among the eigenmodes of the adsorbate, the highest intensities are predicted for the C-S stretching, the C-H rocking, and the asymmetric C-H deformation modes. Under the assumption that dipole scattering is the dominant mechanism, the predicted intensities should be at least roughly comparable with the experimental intensities observed in the HREELS experiments on methane-thiolate on Pt(111) [11] . As expected, a very high intensity is observed for the asymmetric C-H deformation mode at 1410 cm −1 and the lower C-H rocking mode at 945 cm −1 . On the other hand, the HREELS intensities for the C-H stretching modes are higher and those of the C-S mode lower than the calculated infrared intensities.
Discussion and conclusions
We have completed the investigation of the formation of dense monolayers of methane-thiol and methane-thiolate on the (111) surfaces of Ni, Pd, and Pt(111) by detailed calculations of their vibrational eigenmodes. To create a reference, the eigenmodes have also been calculated for gas-phase methanethiol molecules and the thiolate radical. Calculations have used two different approaches: the force-constant method constructing the dynamical matrix from the forces generated by small displacements of the atoms, and a linear-response approach. The linear-response approach also allows us to calculate the normal-mode intensities for infrared spectroscopy via the eigenvectors of the normal modes and the Born effective charges. Quite generally we find very good agreement between the results of these two very different computational methods.
For the gas-phase molecule good agreement with the experimental infrared spectrum is achieved. Existing differences concern mostly the high-frequency C-H stretching modes and are attributable to the neglect of anharmonic corrections. We also find good agreement for the infrared intensities, except for the overestimation of the intensity of the C-S stretching mode. For the methane-thiolate radical only incomplete experimental information is available from laserinduced fluorescence data and the vibrational fine structure of photoemission data, leading to reasonable agreement, given the quite substantial differences between the experimental data for high-frequency modes. For the thiolate radical the calculated eigenvectors also allow a unique assignment of the eigenfrequencies.
The theoretical investigations of the adsorbed thiol monolayers are interesting, because experimental results are available only for multilayers of unknown coverage. The preparation of monolayers is difficult because even modest heating of the adsorbed films leads to dehydrogenation and the formation of a thiolate layer. For the thiolate monolayers we calculate strong red-shifts of the S-H and C-S stretching modes (reflecting the activation of the adsorbed molecules for dehydrogenation), and smaller red-shifts of the C-H rocking and C-H deformation modes. Compared to the available experiments for multilayer CH 3 SH/Ni(111) and CH 3 SH/Pt(111) these changes appear to be overestimated, evidently because the experiments average over the molecules adsorbed on the metals substrates and those physisorbed in subsequent layers. An important observation is that the differences in the frequencies of the asymmetric C-H stretching and C-H deformation modes are larger than in the gas phase. This reflects the broken symmetry of the tilted adsorption configuration. However, these differences could not be resolved in the experiment. For CH 3 SH/Pd(111) an outstanding feature is the strong red-shift of the S-H stretching mode, because for this system we had found a special adsorption configuration where the H atom of the thiol group forms a H bond to a metal atom without dissociating.
For the thiolate monolayers the calculations show modest, but significant, changes relative to the adsorbed thiol layers. The differences in the asymmetric C-H deformation and the C-H rocking modes are lower than in the thiol layer and also than in gas-phase thiol molecules. This shows that the adsorbed CH 3 S radicals are quite close to C s symmetry. Agreement with experiments is reasonable, but also demonstrates the need for anharmonic correction to the high-frequency C-H stretching modes.
In summary, together with the results presented in I, we have demonstrated that DFT calculations provide a very accurate description of the geometry, energetics, and vibrational properties of methane-thiol and methane-thiolate monolayers on close-packed metal surfaces.
A careful structural optimization has demonstrated that both thiol molecules and the thiolate radical adsorb in low-symmetry configurations with a tilted C-S axis, even at saturation coverage. The tilted adsorption geometry is also reflected in the vibrational spectra. The theoretical spectra permit an unequivocal interpretation of the experiments. For the gas-phase molecular species we have also compared our DFT results with those based on calculations using hybrid functionals. Hybrid functionals lead to a blue-shift of all eigenmodes, varying between 30 and 60 cm −1 , worsening agreement with experiment.
